Cassiopeia A, a well-observed young core-collapse supernova remnant (SNR), is considered as one of the best candidates for studying very high-energy particle acceleration up to PeV via the diffusive shock mechanism. Recently, MAGIC observations revealed a γ-ray spectral cutoff at ∼ 3.5 TeV, suggesting that if the TeV γ-rays have a hadronic origin, SNR Cas A can only accelerate particles to tens of TeV. Here, we propose a twozone emission model for regions associated with the forward (zone 1) and inward/reverse shocks (zone 2). Given the low density in zone 1, it dominates the high-frequency radio emission, soft X-ray rim via the synchrotron process and TeV γ-ray via the inverse Comptonization. With a relatively softer particle distribution and a higher cut-off energy for electrons, emissions from zone 2 dominate the low-frequency radio, hard X-ray via the synchrotron process and GeV γ-ray via hadronic processes. There is no evi- 
INTRODUCTION
Supernova remnants (SNRs) have been considered as the dominant sources of Galactic cosmic rays (CRs, mainly protons) below the "knee" energy of ∼ 3 × 10 15 eV. Charged particles can be accelerated at SNR shocks through the diffusive shock mechanism (e.g., Blandford & Eichler 1987, and reference therein) and may even reach ∼ PeV at the early Sedov phase (e.g., Gabici et al. 2009; Ohira et al. 2012) . The detection of a characteristic π 0 -decay γ-ray spectral "bump" in SNRs interacting with molecular clouds, such as IC 443 (Ackermann et al. 2013 ), W44 (Giuliani et al. 2011; Ackermann et al. 2013; Cardillo et al. 2014 ) and W51C (Jogler & Funk 2016) , shows that SNR shocks indeed can accelerate ions to the relativistic regime. However the lack of evidence for PeV particles in SNRs pose a challenge to this paradigm.
Cassiopeia A (Cas A, G111.7−2.1), the youngest Galactic remnant of a core-collapse supernova, has long been considered as the best candidates for very high-energy CR acceleration in this SNR paradigm for Galactic CRs 1 . With an estimated age of ∼ 340 yr (Fesen et al. 2006) , it was suggested that the ejecta of Cas A is more or less freely propagating in a circumstellar medium produced by its progenitor winds (Chevalier & Oishi 2003; Vink 2004 ) except for very localized encounter with dense clouds associated with X-ray filaments (Zhou et al. 2018; Sato et al. 2018) . At a distance of 3.4 kpc (Reed et al. 1995) , the forward shock with a velocity of ∼ 5000 km s −1 has reached a radius of 2.5 pc.
In radio bands, Cas A has a shell-type morphology with two obvious features: a bright radio ring with a ∼1.7 pc radius and a faint outer plateau extending up to ∼2.5 pc (Zirakashvili et al. 2014 , and references therein). The mean spectral index for the entire remnant is about 0.77 (Baars et al. 1977; Rosenberg 1970; Anderson et al. 1991; Anderson & Rudnick 1996) and the overall radio spectrum hardens toward high frequencies, giving rise to a concaved spectrum dominated by the inner ring and outer plateau at the low and the high frequency, respectively. In X-ray band, it has been extensively studied, showing an outer thin rim and a bright diffuse inner ring (e.g., Gotthelf et al. 2001; Vink & Laming 2003; Hwang et al. 2004; Bamba et al. 2005; ). NuSTAR observations show that the nonthermal hard X-ray emission is dominated by a few hot spots near the projected center of the remnant, which is distinct from nonthermal soft X-ray emission associated with the forward shocks (Grefenstette et al. 2015) . Recently, it has been shown that these hot spots are associated with very fast inward-moving shocks (Sato et al. 2018) . Using 10-year data from INTEGRAL observations, Wang & Li (2016) first extended the nonthermal X-ray spectrum to ∼220
keV without evidence for a high-energy cutoff. In GeV band, it was detected by Fermi-LAT as a point source with a photon index of 1.9-2.4 (Abdo et al. 2010; Yuan et al. 2013; Saha et al. 2014) and a spectral break around 1.7 GeV was reported (Yuan et al. 2013; Ahnen et al. 2017) . As a TeV γ-ray source, it was first detected by HEGRA at 5σ level (Aharonian et al. 2001 ) and was further observed by MAGIC (Albert et al. 2007 ) and VERITAS (Acciari et al. 2010) .
Two zone emission models have been proposed for the radio to X-ray morphology and spectra (Atoyan et al. 2000b,a) and the nature of the γ-ray emission is still ambiguous (e.g., Yuan et al. 2013; Saha et al. 2014; Zirakashvili et al. 2014) . With 158h of high quality data, a high-energy cutoff of ∼ 3.5 TeV in the γ-ray spectrum of Cas A was recently detected by MAGIC with 4.6σ significance (Ahnen et al. 2017 ). This spectral feature seems to disfavor Cas A as a PeV particle accelerator if the TeV γ-ray emission is dominated by hadronic processes.
In this paper, we propose a two-zone model where forward shocks produce a relatively harder highenergy particle distribution than the inward/reverse shocks. Given the low density associated with the forward shocks, it dominates high-frequency radio emission, soft X-ray rim via the synchrotron process and TeV γ-ray via the inverse Comptonization. The reverse shocks are associated with a high density zone. With a relatively softer particle distribution and a higher cut-off energy for electrons, it dominates low-frequency radio, hard X-ray via the synchrotron process and GeV γ-ray via the hadronic processes. There is no evidence for high-energy cutoffs in the proton distributions implying that Cas A can still be a PeVatron. The model description and spectral fit are given in Section 2.
In section 3, we discuss implications of the model and draw conclusions.
A TWO-ZONE MODEL

Model description
Based on the two-zone model proposed by Atoyan et al. (2000b) and features in X-ray band, we treat the outer "thin rim" (the forward shocks) and the diffuse region immediately behind the forward shock as zone 1. Zone 2 then includes the rest of emission regions (mainly the bright radio ring, knots, and interior, especially, regions containing inward-moving shocks). For the sake of simplicity, we assume that the distribution of accelerated particles in each emission zone has a power-law form with a high-energy cutoff in momentum space,
where p is the particle momentum, p c is the cutoff momentum, α is the power-law index for electrons and protons in a given emission zone, and A is the normalization 2 which will be replaced by the total energy of particles with momentum above 1 GeV c −1 , W , below. To include the radiative cooling effect on the accumulated electron distributions in these emission zones (Heavens & Meisenheimer 1987; Zirakashvili & Aharonian 2010) , we assume that the spectral indexes of these electron distributions increase by 1 above a break energy E bre = 4 (B SNR /100 µG) −2 (t/340 yr) −1 TeV, where B SNR and t are the magnetic field and the shock age, respectively. We also consider the cases where the electron distributions have a super-exponential cutoff of exp(−p 2 /p 2 c ). For zone 1, the shock age will be the same as the age of the remnant. For zone 2, the age of the inward shocks is treated as a free parameter.
To fit the broad-band spectrum, we consider four radiation processes: synchrotron emission from energetic electrons traversing a magnetic field; inverse Compton (IC) scattering on soft seed photons by relativistic electrons; bremsstrahlung by relativistic electrons; and γ-rays produced via decay of π 0 due to inelastic collisions between relativistic protons and nuclei in the backgroud. The photon emissivity for synchrotron, bremsstrahlung and IC processes given in Blumenthal & Gould (1970) are adopted. For the IC process, the seed photon fields include the cosmic microwave background (CMB) and a far infrared field with a temperature of 100 K and an energy density of 2 eV cm −3 (Mezger et al. 1986 ).
For the p-p process, we use the analytic photon emissivity developed by Kelner et al. (2006) , including an enhancement factor of 1.84 due to contribution from heavy nuclei (Mori 2009 ). The density of target gas in zone 1, 1 n t , is 4 times the ambient gas density upstream of the forward shock (n 0 = 0.9 cm −3 , Lee et al. 2014 ) for a strong shock. The mean gas density 2 n t in zone 2 can be estimated with the supernova ejecta mass, 2 n t = 10 cm −3 (e.g., . In addition, the cutoff momentum for protons in both zones is fixed at p c,p = 3 PeV c −1 , corresponding to the "knee" energy.
Results
To start with, we assume that inward shocks in zone 2 form continuously so that the electron distribution may be described by equation 1. There are therefore five parameters for each emission zone. The eye-fitting spectral energy distribution (SED) is shown in Figure 1 and the corresponding parameters are summarized in Table 1 (Model A).
In the γ-ray band, the GeV emission is dominated by the p-p process in zone 2 (blue dashed line), while the TeV emission mainly comes from the IC process in zone 1 (green solid line). The corresponding energy content in these relativistic particles are 1 W e = 7.0 × 10 47 erg and 2 W p = 1.8 × 10 50 ( 2 n t /10 cm −3 ) −1 erg, and 1 α = 2.1 and 2 α = 2.7. The magnetic field in zone 1 should be considered as a lower limit. Otherwise one would expect TeV emission exceeding the observed flux level. The electron cutoff momentum in zone 1 is well-constrained by the soft X-ray and TeV γ-ray for forward shocks. Considering feedback of accelerated particles to the shock structure, Bell (2004) argued that the cutoff momentum increases with the shock speed, which is consistent with values of the cutoff momentums in these two zones derived from our spectral fit. Cas A therefore is unique in the sense that there are inward shocks that accelerate particles to higher energies than forward shocks (Telezhinsky et al. 2012 ).
The GeV spectrum of Cas A also has a distinct cutoff below ∼2 GeV. To explain this spectral feature, a low-energy cutoff 2 p lc = 15 GeV c −1 is introduced to the proton distribution 3 . The low flux level at ∼100 MeV also leads to an upper limit for 2 W e < 4 × 10 46 erg for the bremsstrahlung process of relativistic electrons 4 , which implies a lower limit to 2 B SNR > 1.0 mG for a given synchrotron spectrum.
If we attribute the low-energy cutoff of the proton distribution to slower diffusion of lower energy particles into high-density emission regions, the bremsstrahlung emission of relativistic electrons is also subject to the same process. We therefore expect that for the bremsstrahlung process, the low energy cutoff of relativistic electrons should be the same as that for protons (Model B). The right panel of Figure 2 shows the fitted results for such a scenario with 2 B SNR = 160 µG and 2 W e = 1.0×10 48 erg.
The hundreds of keV to 100 MeV spectrum is dominated by electron bremsstrahlung in zone 1 and is distinct from that for Model A where electron bremsstrahlung in zone 2 dominates. An even lower value for 2 B SNR will lead to a 100 MeV γ-ray flux exceeding the observed value for the IC of zone 2.
If the target of the electron bremsstrahlung and proton processes in zone 2 has a much higher density as indicated by the low cutoff energy discussed above, 2 B SNR will have a much higher value if the GeV emission is still dominated by hadronic processes. Moreover, the GeV emission may also be dominated by the electron bremsstrahlung (Model C). The right panel of Figure 3 , shows such a spectral fit with 2 n t = 100 cm s −1 and 2 p lc = 4 GeV c −1 . It slightly overproduces γ-ray below ∼2
GeV and predicts very low fluxes above 10 TeV. For an even higher density of the emission region, both 2 W e and 2 W p will be less than 1.0 × 10 48 erg and 2 B SNR greater than 160 µG. However, 2 W e/p should be considered as a lower limit for accelerated particles since some of them haven't reached the high-density emission regions.
Next, we assume that inward shocks formed instantaneously with the age t as another free parameter. Figure 4 shows a spectral fit similar to Model A (Model D) with an inward shock age of 5 and 3 years for the left and right panels, respectively, implying very efficient acceleration at inward shocks, which is reasonable for the high shock speeds and strong magnetic field. The shock age can be longer for models similar to Models B and C for a weaker magnetic field. However, we found that for the soft electron distribution in zone 2, models with a low break energy can not reproduce the observed hard X-ray fluxes via synchrotron process.
To maximize contributions to hard X-ray from zone 1, we also consider models with a superexponential cutoff in zone 2 and exponential cutoff in zone 1. Figure 5 shows the spectral fits with the corresponding model parameters given in Table 2 . For Model D, the age of the inward shocks is 5 years. Here to fit the hard X-ray spectrum, the low cutoff energy of the electron distribution has been reduced to 500 keV. However, Models B and C under-produces the overall hard X-ray fluxes significantly. A better treatment of bremsstrahlung emission from zone 1 at non-relativistic energies may address this issue and is beyond the scope of this paper.
The γ-ray emission via hadronic processes from zone 1 dominate the hundreds of TeV range for 1 W p = 1.0 × 10 48 erg, which is also sufficient to account for the high-energy component of CR ion spectra in the SNR paradigm for Galactic CRs (Zhang et al. 2017 ). Future observations in this energy range will be able to distinguish these models. Models with a super-exponential high-energy cutoff in zone 1 have a softer X-ray spectrum and weaker hard X-ray emission in zone 1 than these with an exponential high-energy cutoff. Detailed analysis of non thermal X-ray emission from different emission zones is warranted.
In general, the model parameters for zone 1 are well-constrained, and we note that the acceleration efficiencies of electrons and protons are comparable for the forward shocks, which appears to be in conflict with the observed CR electrons and protons fluxes. Recent modeling of CR ion spectra by Zhang et al. (2017) shows that young SNRs may dominate acceleration of high-energy CRs while the bulk CRs at lower energies are accelerated by slow shocks in old SNRs. We therefore expect a more prominent high-energy component in the CR electron spectrum. The modeling of CR electron spectrum by Li et al. (2015) indeed reveals such a high-energy component. Considering the efficient radiative loss of high-energy electrons in the Galaxy, their flux relative to protons at the Earth should be much lower than that in their source of origin. The relative acceleration efficiencies of electrons and protons in zone 2 are not well constrained. Although there are efficient ion acceleration for Models A and B, the spectrum is soft and these particles are also subject to adiabatic loss as the remnant expands, the observed high-energy CR is likely dominated by particles accelerated in zone 1.
The synchrotron emission from electrons in zone 1 dominates the soft X-rays and high-frequency radio fluxes (red solid line), which, in combination with the TeV fluxes dominated by the IC process, constrains the magnetic field in zone 1 1 B SNR = 250 µG. The hard X-rays and low-frequency radio data can be explained by synchrotron emission from zone 2 (red dashed line) for the relatively softer particle distribution and higher cutoff energy. The magnetic field in zone 2 is larger than 160 µG and the low frequency radio spectrum is also cut off via an absorption term e −τ 0 (ν/10 MHz) −2.1 with τ 0 = 0.9 at 10 MHz. Non-thermal emission of Cas A has been extensively studied via radio and X-ray observations.
Recent γ-ray observations reveal spectral cutoffs at both low-and high-energy ends of the spectrum.
We have shown that a simple two zone emission model can not only account for the radio and X-ray morphology and spectra of Cas A, but also reproduce the γ-ray spectrum with the proton distributions cutting off above 1 PeV. In this model, the TeV γ-rays are dominated by the IC process of electrons in zone 1 for forward shocks, giving rise to the observed TeV spectral cutoff. Thus, the high-energy cutoff at ∼ 3.5 TeV detected by MAGIC (Ahnen et al. 2017) does not imply that the proton spectrum in this SNR cuts off at a few tens of TeV and Cas A can still be an efficient PeVatron. The GeV γ-rays are dominated by the p-p process in zone 2, and the low-energy cutoff in proton spectrum at momentum 2 p lc ≈ 15 GeV c −1 may be attributed to slower diffusion of lower energy protons accelerated by the inward/reverse shocks into the high density regions (e.g., Gabici & Aharonian 2014 ). Given the low flux observed at ∼100 MeV and the soft particle distribution in zone 2, the electron acceleration is much less efficient than protons and the magnetic field should be stronger than 1 mG (Model A). If the bremsstrahlung of relativistic electrons in zone 2 is also subject to the slow diffusion of low energy particles into high-density regions (Model B), we predict that the hard X-ray spectrum cuts off near ∼100 keV and a new hard spectral component emerges above ∼MeV due to electron bremsstrahlung in zone 1. In such a model the magnetic field has a low limit of 140 µG. If the density of the target regions is much higher than the fiducial value of 10 cm −3 adopted above (Model C), the GeV γ-rays can be dominated by electron bremsstrahlung in zone 2
as well. The model produces a relatively softer spectrum below ∼2 GeV and very low flux above 10 TeV. A 1 W p = 1.0 × 10 48 erg is compatible with current observations and is also high enough to produce the high-energy component of CR ion spectra via young SNRs (Zhang et al. 2017) . Then proton processes in zone 1 dominate gamma-ray emission above 100 TeV. Future γ-ray observations will be able to distinguish these models.
Our model therefore predicts that most of the GeV emission comes from inner region of the SNR , which is consistent with Fermi results reported by Yuan et al. (2013) and Saha et al. (2014) . Although more protons are accelerated in zone 2 than in zone 1, contributions to high-energy CRs are likely dominated by forward shocks of zone 1 since protons in zone 2 have a relatively soft distribution and are also subject to adiabatic loss as the remnant expands before escaping into the interstellar medium.
NuSTAR observations show that hard (> 15 keV) X-ray emission from SNR Cas A is dominated by bright knots near the remnant center (Grefenstette et al. 2015) . Recent X-ray observations reveal that these bright knots are associated with high speed inward-moving shocks (Sato et al. 2018) , which is consistent with a higher high-energy cutoff for the electron distribution introduced for this region (Bell 2004) . At the same time, the synchrotron emission from electrons in zone 1 dominate the non-thermal soft X-rays which is associated with the outer thin rim resolved by Chandra (e.g., Hwang et al. 2004; Bamba et al. 2005; ). Table 1 .
In general models with a super exponential cutoff give a slightly better fit to the TeV data. Models with a normal exponential cutoff can produce significant hard X-ray emission in zone 1, in agreement with observations (Grefenstette et al. 2015) . Contribution to hard X-ray flux from zone 1 can be maximized by adopting a super-exponential cutoff for zone 2 ( Figure 5 and Table 2 ). More quantitative analysis of hard X-ray emission from zone 1 and 2 is needed to distinguish these models.
In conclusion, the two-zone model presented in this study explains the spatial and spectral features of Cas A, and predicts that 1) the TeV γ-rays have a leptonic origin and mainly come from the outer shell; 2) Cas A can be a PeV accelerator and may be bright at > 100 TeV band. These predictions will be tested by the CTA (better angular resolution) and LHAASO (capacity of detecting 100 TeV γ-rays) experiments in the future.
